Focal adhesions undergo myosin-II-mediated maturation wherein they grow and change composition to modulate integrin signalling for cell migration, growth and differentiation. To determine how focal adhesion composition is affected by myosin II activity, we performed proteomic analysis of isolated focal adhesions and compared protein abundance in focal adhesions from cells with and without myosin II inhibition. We identified 905 focal adhesion proteins, 459 of which changed in abundance with myosin II inhibition, defining the myosin-II-responsive focal adhesion proteome. The abundance of 73% of the proteins in the myosin-IIresponsive focal adhesion proteome was enhanced by contractility, including proteins involved in Rho-mediated focal adhesion maturation and endocytosis-and calpain-dependent focal adhesion disassembly. During myosin II inhibition, 27% of proteins in the myosin-II-responsive focal adhesion proteome, including proteins involved in Rac-mediated lamellipodial protrusion, were enriched in focal adhesions, establishing that focal adhesion protein recruitment is also negatively regulated by contractility. We focused on the Rac guanine nucleotide exchange factor β-Pix, documenting its role in the negative regulation of focal adhesion maturation and the promotion of lamellipodial protrusion and focal adhesion turnover to drive cell migration.
Focal adhesions are dynamic, multifunctional organelles that facilitate cell adhesion, force transmission and cytoskeleton regulation, as well as signalling that controls cell division, differentiation and apoptosis 1, 2 . The diverse functionality of focal adhesions is reflected in their complex composition. Over 150 different proteins are known to associate with focal adhesions making up the 'integrin adhesome' 3 . The adhesome includes cytoskeletal-binding and adapter proteins, and enzymes, including kinases, phosphatases, phospholipases, and small GTPases and their modulators. Furthermore, focal adhesion composition is heterogeneous and dynamic, even across different focal adhesions within a single cell 4 . However, no focal adhesion compositions have been ascribed to specific downstream functions.
One important regulator of focal adhesion composition is physical perturbation 5, 6 . Focal adhesions are mechanosensitive and in response to tension will grow, recruiting proteins and changing composition during maturation [7] [8] [9] . The tension that drives focal adhesion maturation is supplied either by myosin II activity or external forces applied to the cell 9, 10 . Forces on tension-sensitive focal adhesion proteins drive conformational changes that unmask binding sites for non-tension-sensitive proteins 11 . Thus, tensionmediated protein recruitment regulates focal adhesion composition to modulate outcome determination downstream of integrinmediated adhesion 12 .
The cascade of focal adhesion compositional changes during myosin-II-mediated focal adhesion maturation has been elucidated for a small fraction of the adhesome. After integrin activation by talin 13 , the adapter paxillin and the tyrosine kinase FAK (focal adhesion kinase) are recruited to nascent adhesions [14] [15] [16] . Focal adhesion growth is accompanied by recruitment of vinculin 17, 18 , which strengthens the integrin-talin-actin link 19, 20 . This is followed by formin-mediated elongation of an actin/α-actinin bundle, where adapter proteins zyxin and tensin accumulate 9, 17, 21 . Tension on integrins also promotes activation of FAK and Src 22, 23 , which phosphorylate tyrosines on paxillin and p130cas, forming binding sites for SH2 domaincontaining proteins 24 . However, major differences in the biological response downstream of integrin engagement are probably mediated by more significant focal adhesion compositional changes. Here, we use proteomic analysis to characterize compositional changes in focal adhesions that are induced by myosin II inhibition. We find myosin II mediates major compositional changes in focal adhesions and focus on a Rac1 guanine nucleotide exchange factor (GEF), β-Pix, the abundance of which was enhanced by myosin II inhibition. We demonstrate that β-Pix has a role in negative regulation of focal adhesion maturation by promoting Rac1 activation, lamellipodial protrusion and nascent adhesion turnover.
RESULTS

Development and validation of a focal adhesion isolation method
To characterize how the composition of focal adhesions is modified by myosin II activity, we developed a focal adhesion isolation method for HFF1 fibroblasts that minimized contamination by actin stress fibres 25 (Fig. 1a ). Cells were hypotonically shocked and strongly triturated to remove cell bodies and the majority of the cytoskeleton, leaving substrate-bound focal adhesions and a subset of thin and/or fragmented stress fibres for collection and analysis. Time-lapse microscopy imaging of cells expressing green fluorescent protein (GFP)-paxillin during hypotonic shock revealed no effects on focal adhesion morphology ( Supplementary Fig. S1a ). No differences were found in the size and spatial organization of focal adhesions in intact cells, hypotonically shocked cells, and on the substrate after trituration, as assessed by anti-paxillin immunostaining of the focal adhesions ( Fig. 1b ). Quantifying fluorescence density (intensity per μm 2 ) of immunolocalized paxillin, vinculin, zyxin, talin, phosphorylated tyrosine and VASP (vasodilator-stimulated phosphoprotein) in focal adhesions showed that neither hypotonic shock nor trituration altered the abundance of these proteins, compared with intact cells, and no proteins remained on the substrate after focal adhesion collection ( Supplementary Fig. S1b ). We also compared the concentration of focal adhesion proteins (paxillin, vinculin, talin, VASP, actin, phosphorylated paxillin and phosphorylated FAK), and soluble (GAPDH; glyceraldehyde 3-phosphate dehydrogenase), cytoskeletal (tubulin) and membrane-associated components (Akt and FGFR; fibroblast growth factor receptor) in isolated focal adhesion and cell body fractions by western blot. This confirmed that the isolation method concentrated focal adhesion components in the focal adhesion fraction and separated and concentrated soluble, cytoskeletal and membraneassociated components in the cell body fraction (Fig. 1c ). The presence of minor amounts of focal adhesion proteins in the cell body fraction is consistent with their known localizations to non-focal adhesion structures. Therefore, our focal adhesion isolation method preserves native focal adhesion organization and size, and association of many known focal adhesion proteins. 2.94 ± 0.57 μm 2 ). (c) Western blot comparison of protein concentration in total cell lysate (T), isolated focal adhesion fractions (before actin and fibrin immunodepletion; F) and cell body fractions (C). Equal total protein was loaded in each lane. The ratio shown on the right (F/C) indicates the relative concentration of protein between the isolated focal adhesion and cell body fractions quantified from the intensities of bands from western blots; n = 4 (paxillin, tubulin and GAPDH); n = 3 (vinculin, talin, actin, VASP, Akt, phosphorylated paxillin 118, phosphorylated FAK 397 and FGFR); data are means ± s.d. Note that this does not reflect the absolute amount of protein in isolated focal adhesion fractions and cell body fractions. pPaxillin 118 and pFAK 397 ; paxillin and FAK phosphorylated at residues 118 and 397, respectively. Uncropped image of blot is shown in Supplementary Fig. S8 .
Proteomic analysis of isolated focal adhesions
Isolated HFF1 focal adhesions were analysed by multidimensional protein identification technology mass spectrometry (MudPIT MS) 26 . Focal adhesions were collected, solubilized, denatured, and the abundant proteins actin and fibronectin were removed by immunodepletion. Remaining proteins were reduced, alkylated, protease digested and separated by two-dimensional liquid chromatography before MS analysis. Tandem mass spectra were generated and matched to peptides in a human protein database using SEQUEST 27 . Each protein was represented by multiple mass spectra (sequence counts) from different peptide fragments, and each peptide fragment was detected multiple times. Protein abundance was thus quantified as the sum of all mass spectra identified per protein (spectrum counts). We applied two criteria for considering a protein to be a reproducibly identified component of isolated focal adhesions ( Fig. 2a ). To be included in a 'detectable list' required the presence of one or more sequence counts and a false positive protein identification rate of less than 1% (ref. 28; Methods) . Inclusion in the 'reproducible list' required inclusion in the detectable list in at least two out of three replicate runs. By these criteria, 1917 and 754 proteins were identified as detectable and reproducible components of isolated focal adhesions, respectively ( Supplementary Table S1 ). Although the reproducibly identified proteins may include cytosolic and cytoskeletal contaminants, this first comprehensive analysis of focal adhesion composition probably includes many undiscovered focal adhesion proteins.
We classified the reproducibly identified proteins in isolated focal adhesions according to cellular biological function. Of the 150 proteins in the integrin adhesome 3 , 72 and 50 proteins were identified in our detectable and reproducible lists, respectively. Cell type, composition differences in the extracellular matrix (ECM) or susceptibility of proteins to digestion may underlie our inability to identify all adhesome proteins. Based on further literature analysis, 283 proteins were grouped into an 'expected focal adhesion list' . This included the 50 proteins in the adhesome; proteins in the same family (24) , known to interact with (142), or subunits of a macromolecular complex (47) of an adhesome member; and 20 focaladhesion-associated proteins that were not included in the adhesome (Fig. 2b ). Thus, nearly 40% (283 out of 754 total) of the reproducibly identified proteins could be expected to be present in focal adhesions based on their known properties ( Fig. 2c ), providing further validation of the method we used to isolate focal adhesions and identify proteins. We illustrate the composition of focal adhesions with an interactome of proteins from our expected focal adhesion list ( Supplementary Fig. S2 ). Protein function is colour-coded, and characterized interactions are indicated by overlap ( Supplementary Table S2 and http://dir.nhlbi.nih. gov/papers/lctm/focaladhesion/Home/index.html).
The remaining ~60% (471 out of 754 total) of reproducibly identified proteins in isolated focal adhesions ( Supplementary Table S3 ) were either uncharacterized or had no known association with, function in, or interaction with focal adhesions or proteins in the adhesome. These may be undiscovered, weakly associated or transient focal adhesion proteins, or cytosolic and/or cytoskeletal contaminants, and were classified according to biological function: endomembrane systems/trafficking (129), uncharacterized (84), cytoskeleton (81), metabolism (70) , plasma membrane channels/transporters (36) , RNA/DNA processing (31) , cytosolic signalling (25) or folding/degradation (15) . The large proportion of cytoskeletal and endomembrane trafficking proteins is not surprising given that fragments of actin stress fibres were isolated with focal adhesions, all three cytoskeletal systems associate with focal adhesions 29 regulates focal adhesion turnover 30 . Similarly, membrane channels are included in the plasma membrane present in focal adhesions. However, the purpose of this study is not comprehensive documentation of bona fide focal adhesion proteins, but rather the determination of compositional changes in focal adhesions mediated by myosin II activity.
The 'myosin II dependence ratio' quantifies the dependence of protein abundance in focal adhesions on myosin II activity We next characterized the effects of myosin II inhibition on protein composition and abundance in isolated focal adhesions.
Myosin II activity was inhibited with blebbistatin (50 μM, 2 h). Immunolocalization of paxillin in intact cells demonstrated that blebbistatin abolished large, central focal adhesions and induced small, peripheral focal adhesions, with focal adhesions of a similar size and spatial distribution remaining substrate-bound after isolation ( Fig. 3a,  b ). MudPIT MS analysis of isolated focal adhesions from blebbistatintreated cells revealed reproducible identification of 665 proteins ( Supplementary Table S4 ), 78% of which were reproducibly identified in the focal adhesions of control cells, for a total of 905 proteins from both conditions (240 proteins only in control focal adhesions, 151 proteins only in blebbistatin-treated focal adhesions and 514 proteins in both conditions).
To evaluate the relative changes in protein abundance in focal adhesions isolated from control and blebbistatin-treated cells, we developed a normalized, ratio-based metric, the 'myosin II dependence ratio' (MDR), which represents the dependence of a protein's abundance in focal adhesions on myosin II activity. The MDR is the ratio of normalized protein abundance (total spectrum counts) in control focal adhesions to that in focal adhesions from blebbistatin-treated cells ( Fig. 3c and Methods). As digestion and detection efficiencies are independent of sample origin, spectrum counts accurately reflect relative changes in protein abundance in similarly prepared samples 31, 32 . Thus, a MDR < 1 indicates that myosin II activity inhibits the accumulation of a protein in focal adhesions, a MDR close to 1 indicates myosin II activity-independent focal adhesion association and a MDR > 1 indicates myosin II activity-dependent enrichment in focal adhesions.
We validated MudPIT MS-based MDR results by comparison to western blot and two-dimensional fluorescence difference gel electrophoresis analysis (2D-DIGE) 33 . Western blot analysis (20 different proteins) and 2D-DIGE (21 different proteins) comparison of protein abundance in isolated focal adhesions from control and blebbistatintreated cells revealed corroboration rates of 95% ( Supplementary  Table S5 ) and 90% ( Supplementary Fig. S3 and Table S6 ) with MDRs, respectively. Thus, MDR provides a reliable metric for determining how myosin II activity affects relative abundance of proteins in focal adhesions.
Myosin II activity promotes accumulation of assembly, maturation and disassembly factors, and loss of lamellipodial protrusion factors in focal adhesions. To characterize how focal adhesion composition is modulated by myosin II activity, proteins were categorized according to their MDR magnitude. Of the 905 reproducibly identified proteins in focal adhesions of control and blebbistatin-treated cells, 459 proteins (51%) showed ≥ We created a myosin-II-responsive focal adhesion interactome from proteins in the expected focal adhesion list by colour-coding proteins according to MDR magnitude ( Supplementary Fig. S4 and Table S7 , http://dir.nhlbi.nih.gov/papers/lctm/focaladhesion/Home/index.html). The interactome illustrates the full range of MDR values, including proteins exhibiting minor/low confidence changes. This interactome suggests how myosin II activity may collectively modulate focal adhesion abundance of groups of proteins mediating distinct pathways.
Proteins known to be involved in pathways of myosin-II-mediated focal adhesion maturation and stress fibre formation were enriched in the focal adhesions of control cells, compared with blebbistatin-treated cells (Fig. 4b) Factors mediating integrin-actin linkage were also enriched in focal adhesions of control cells, compared with blebbistatin-treated cells 13, [43] [44] [45] (Fig. 4c ). Focal adhesion accumulation of migfilin (MDR: 9.72) and filamins (filamin-1, MDR: 2.88; filamin-B, MDR: 2.31 and filamin-C, MDR: 2.50) was strongly inhibited by blebbistatin. Blebbistatin also weakly inhibited the abundance of talin-1 (MDR: 1.33) and vinculin (MDR: 1.41) and its binding partner, vinexin 46 (MDR: 1.59), Thus, myosin II activity promotes focal adhesion accumulation of integrincytoskeletal linkers.
Disassembly of mature focal adhesions is regulated by calpainmediated proteolysis 47 and/or endocytosis of integrins 30, 48 . Components of both of these pathways were strongly enriched in focal adhesions from control cells, compared with blebbistatin-treated cells. This included calpain-2 and components of both clathrin-dependent (clathrin heavy chain-1, MDR: 2.08 and clathrin adapters Dab2, MDR: 2.74 and numb, MDR: 1.94) and caveolin-mediated, clathrin-independent pathways (caveolin-1, MDR: 2.21; scaffolding proteins flotillin-1, MDR: 12, and flotillin-2, MDR: 1.48; Fig. 4d ). This suggests mature focal adhesions recruit disassembly factors by a myosin-II-dependent pathway.
Surprisingly, we also found that proteins involved in Rac1-mediated lamellipodial protrusion were strongly enriched in the focal adhesions of blebbistatin-treated cells, compared with controls, indicating negative regulation of the recruitment of these proteins by myosin II activity. 
Contractility-mediated focal adhesion maturation promotes β-Pix dissociation from nascent adhesions
To understand how myosin II activity negatively regulates Rac1 and lamellipodial protrusion, we focused on the Rac GEF β-Pix. Immunoblotting of focal adhesion fractions validated the negative regulation of β-Pix accumulation in focal adhesions by myosin II activity; inhibition by myosin II activity resulted in a 3.73-fold increase of β-Pix in focal adhesions, compared with controls, which is similar to the MDR (3.7-fold, 1/MDR; Fig. 5a ). Quantifying the ratio of fluorescence density of paxillin and β-Pix in focal adhesions indicated that myosin II inhibition did not significantly affect paxillin focal adhesion density, but significantly increased (25%) focal adhesion density of β-Pix, compared with control cells (Fig. 5b, c) . β-Pix accumulation in focal adhesions was also regulated by physiological downregulation of myosin II contractility 60 , as western blotting of isolated focal adhesions and immunofluorescence microscopy analysis revealed increased accumulation of β-Pix in focal adhesions from cells plated on compliant, compared with stiffer substrates (Fig. 5d-f ). Thus, β-Pix concentration in focal adhesions is negatively regulated by myosin II contractility.
To determine if focal adhesion maturation modulates the abundance of β-Pix in focal adhesions, we quantified the ratio of fluorescence density in immature (< 2 μm 2 ) relative to mature (> 2 μm 2 ) focal adhesions. This revealed that there was 9% more paxillin, but 25% less β-Pix, in big focal adhesions, compared with small focal adhesions (Fig. 5b, c) . Analysis of mApple-paxillin and GFP-β-Pix dynamics during focal adhesion maturation demonstrated that paxillin and β-Pix concentrations and focal adhesion area all increased at similar rates as nascent focal adhesions assembled. Subsequently, focal adhesion area increase slowed, paxillin continued to accumulate, but the level of β-Pix did not increase and eventually decreased in large, paxillin-dense focal adhesions (Fig. 5g ). Analysis of paxillin and β-Pix dynamics during perfusion of Y27632 (10 μM; blebbistatin could not be used owing to its phototoxicity), which inhibits ROCK (Rho-associated kinase), revealed that reducing contraction caused dissociation of paxillin and focal adhesion shrinkage, concomitant with association of β-Pix, followed by adhesion turnover (Fig. 5h and Supplementary Fig. S5 ). Thus, β-Pix concentrates in assembling nascent adhesions in the absence of myosin II contractility, and it dissociates from focal adhesions during myosin-II-meditated focal adhesion maturation. β-Pix in nascent adhesions induces Rac1 activation, negatively regulates focal adhesion maturation and promotes cell migration. We next examined the role of β-Pix in Rac1 activation and lamellipodial formation induced by myosin II inhibition 61, 62 . Immunolocalization of paxillin and the lamellipodia marker cortactin in GFP-β-Pixexpressing cells showed that β-Pix localized in nascent adhesions in lamellipodia 63, 64 induced by blebbistatin (Fig. 6a ). Lentiviral expression of shRNAs to inhibit β-Pix expression abrogated the blebbistatin-induced enhancement of cell spreading and decreased the ratio of lamellipodia area to total cell area 65 (Fig. 6b and Supplementary Fig. S6 ). Rac1-GTP pulldown assays revealed that in cells expressing control shRNAs, Rac1 activity was increased by blebbistatin treatment 61 (Fig. 6c) , whereas blebbistatin-induced Rac1 activation was abolished by β-Pix knockdown. This inhibitory effect was not induced by silencing the related focal adhesion-associated Rac GEF α-Pix, and was rescued by re-expressing Myc-tagged mouse β-Pix ( Fig. 6c and Supplementary Fig. S7 ). Thus, β-Pix is required for lamellipodial formation, cell shape changes and Rac1 activity induced by inhibition of myosin II.
To determine the role of β-Pix in focal adhesion maturation, we altered β-Pix levels and analysed focal adhesion size. Overexpression of β-Pix abrogated mid-sized (2-6 μm 2 ) focal adhesions, promoted small focal adhesions (< 2 μm 2 ) at the cell periphery, and significantly increased the proportion of small focal adhesions, compared with controls ( Fig. 7a, b) . In contrast, silencing β-Pix abrogated small peripheral focal adhesions and increased mid-sized focal adhesions (Fig. 7a, b ). Analysis of mApplepaxillin dynamics (Fig. 7c ) revealed that β-Pix silencing had little effect on focal adhesion assembly rate (Fig. 7c ) or maximal paxillin level (Fig. 7e ), but slowed focal adhesion disassembly (Fig. 7c ), significantly increasing focal adhesion lifetime, compared with the control (Fig. 7d ). Silencing β-Pix also reduced migration velocity, compared with controls, and abrogated the enhancement of cell velocity induced by inhibiting myosin II with blebbistatin ( Fig. 7f and Supplementary Table S8 ). Thus, β-Pix drives rapid nascent focal adhesion turnover, negatively regulating focal adhesion maturation and enhancing cell migration.
DISCUSSION
We developed a proteomics approach to profile global focal adhesion composition changes in response to inhibition of myosin II activity to better understand myosin-II-driven focal adhesion maturation. This method provides a powerful approach for dissecting focal adhesion composition changes in response to different stimuli or molecular perturbations 25 . The HFF1 cell focal adhesion proteome contained 905 proteins, supporting the notion that focal adhesion are complex organelles. Whether all these proteins participate in focal adhesion function is unknown. More importantly, we show that the abundance of half the proteins (459/905) of the focal adhesion proteome is altered by myosin II activity, and half remain constant as core focal adhesion components or non-specific contaminants. Most focal adhesion compositional change is probably not caused by myosin II ATPase activity acting directly on focal adhesion proteins or indicative of protein tension sensitivity per se, but reflects downstream effects of myosin-II-mediated mechanotransduction. Our results define the myosin-II-responsive focal adhesion proteome, indicating substantial compositional differences between immature and mature focal adhesions. Inhibiting myosin II reduced the abundance of 73% of the myosin-II-responsive focal adhesion proteome, supporting the established role of myosin II as an enhancer of focal adhesion protein recruitment. However, surprisingly, inhibition of myosin II induced enrichment of 27% of the myosin-IIresponsive focal adhesion proteome in focal adhesions, indicating for the first time that myosin II is an important negative regulator of protein recruitment to focal adhesions.
The composition of focal adhesions in myosin-II-inhibited cells probably reflects that of nascent adhesions that form and turn over rapidly during lamellipodial protrusion in the absence of local myosin II activity 66, 67 and which are critical to cell migration 17 . Although our controls include focal adhesions of various maturation states, their composition is probably dominated by larger and more abundant mature focal adhesions in the lamella and cell centre that are disassembling or specialized for ECM remodelling. We are investigating whether focal adhesion compositional changes in response to physiological modulation of myosin II activity is similar to that in this study.
Our results suggest a model in which myosin II activity regulates focal adhesion maturation and turnover by collectively modulating the abundance of protein functional modules, which mediates the specialization of focal adhesions for cell migration. Focal adhesion abundance of inside-out integrin activation (talin and kindlin) was not myosin-II-sensitive, supporting the notion that nascent focal adhesion formation is contractility-independent 17 . Our results suggest that, independently of contractility, activated integrin complexes recruit Rac1 activators (β-Pix, EPS8, MIF and PKA) and Rac1 effectors (IRSp53 and N-WASP) and their targets involved in dendritic actin treadmilling (Arp2/3, cofilin-1 and CAP-1). This suggests a positivefeedback mechanism in which lamellipodial protrusion is coupled to formation of nascent adhesions that recruit Rac1 regulatory modules to propagate further protrusion and nascent adhesion formation to drive cell migration.
Nascent adhesions subjected to myosin II contractility exhibit both dissociation and recruitment of protein functional modules that mediate focal adhesion strengthening, stress fibre formation and mature focal adhesion disassembly (Fig. 7g ). We find that myosin II promotes enrichment of proteins that strengthen the integrin-actin linkage (migfilin, filamins and vinculin). At the same time, contractility drives focal adhesion dissociation of the Rac1 regulatory module to terminate the nascent adhesion turnover loop and allow focal adhesion maturation. Myosin-II-driven loss of the Rac1 module is mirrored by recruitment of RhoA, its activators (GEF-H1, TRIP6 and testin), and downstream targets and stress-fibre proteins, including actin-bundling proteins (α-actinin, supervillin, formin-2 and synaptopodin-2) and cytoskeletal adapters (PDLI1, PDLI4, PDLI5, PDLI7, zyxin and FHL2). Contraction also drives focal adhesion disassembly 15 by recruiting calpain and clathrin-dependent and caveolin-mediated endocytosis protein modules.
To further investigate the role of myosin II in negative regulation of a Rac1 regulatory module in focal adhesion, we focused on the Rac GEF β-Pix, and examined the myosin-II-dependence of its role in nascent adhesion turnover and lamellipodial protrusion 63, 64 . We find that β-Pix concentrates in nascent adhesions 64 , and dissociates from focal adhesions as they mature. We show that β-Pix is required for Rac1 activity and lamellipodial protrusion induced by myosin II inhibition, suggesting that β-Pix may enhance Rac1 activity locally in myosin-II-free cell regions, such as lamellipodia. Finally, we show that β-Pix is required for rapid nascent adhesion turnover, implicating it in negative regulation of focal adhesion maturation and enhancement of cell migration.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology/ Note: Supplementary Information is available on the Nature Cell Biology website linear) and a 10-15% gradient SDS-PAGE gel in the first and second dimension isoelectric focusing, respectively. Image analysis was performed using Progenesis SameSpots software. The protein abundance for each spot in each sample was expressed as a ratio relative to the internal standard to calculate the relative abundance between control and blebbistatin-treated focal adhesion fractions. Protein identification was achieved using an Ettan Spot Handling Workstation and nanoLC-ESI-MS/MS with LTQ Orbitrap XL 73 .
Functional classification of proteins in the focal adhesion proteome. Proteins that were reproducibly identified in isolated focal adhesions were characterized by their interacting proteins and biological functions using Ingenuity System (IPA) and classified as follows. Proteins related to or known to interact with proteins in the integrin adhesome were classified into the expected focal adhesion list and depicted in the focal adhesion interactome ( Supplementary Fig. S2 ) Proteins were further categorized within the focal adhesion interactome. Proteins with known enzymatic activity were categorized as GEF/GAP/GDI, GTPase, metalloproteinase, Ser/Thr phosphatase/tyrphosphatase, Ser/Thr kinase/Tyr kinase/PtIns kinase, or other enzyme. Adapters contained LIM, SH2 or SH3 domains; scaffold proteins can tether or localize signalling enzymes to specific subcellular regions, but lack LIM, SH2 or SH3 domains; ECM receptors bind to ECM ligands; membrane proteins localize at the plasma membrane and interact with integrins or ECM; actin-binding proteins bind directly to actin; protein folding and protein degradation function in folding or degradation; endocytosis proteins function in endocytosis; microtubulebased movement proteins function in microtubule-based movement; chaperone/ exchanger/transporter proteins function as chaperone, exchanger or transporter; RNA Metabolism proteins were grouped into RNA metabolism. Proteins not included in the expected focal adhesion list were classified into eight additional categories: cytoskeleton included actin-, intermediate filament-, or microtubuleassociated proteins; transporter/channel proteins included ATPase transporters, channels and transporters; membrane systems and trafficking proteins function in endocytosis, ER-Golgi transport, exocytosis, and nucleocytoplasmic transport, or localize to the endoplasmic reticulum, mitochondria, plasma membrane or lysosomes; protein folding/degradation proteins function in folding and degradation; DNA/RNA processing proteins include DNA/RNA enzymes, DNA/ RNA-binding proteins, and proteins mediating transcription/translation; signalling proteins function in cell cycle/growth/apoptosis control or cytoplasmic signalling; metabolism proteins included proteins in metabolic pathways; uncharacterized proteins have unknown functions.
Quantification of protein abundance and development of the MDR.
For quantitative comparison of protein abundance between focal adhesion from control and blebbistatin-treated cells, equal total protein from each condition was analysed as above. The MDR was calculated as the ratio of normalized protein abundance in control focal adhesions to that in focal adhesions from blebbistatin-treated cells. Abundance was approximated as the sum of normalized spectrum counts for each protein from all experimental runs for each condition. Normalization was applied to account for variability between experimental runs of the same condition and between experimental conditions (Fig. 3b ). To normalize between runs, the total spectrum counts for a protein in the run was normalized to the total spectrum counts of all proteins in the run (Fig. 3b ). Because the total focal adhesion protein per cell was quite different between blebbistatintreated and control cells, we additionally normalized the abundance of each protein between conditions relative to the level of a protein whose focal adhesion abundance was insensitive to blebbistatin. Western blot analysis of isolated focal adhesions indicated that the proportion of paxillin relative to total focal adhesion protein was unchanged by blebbistatin treatment (Fig. 3b ), and paxillin density in focal adhesions is unaltered by myosin II perturbation 17, 18 (Fig. 5c ). Therefore, the sum of spectrum counts of paxillin in control focal adhesions was used as the normalization standard between experimental conditions. The ratio of the doubly-normalized spectrum counts for each protein was then calculated to give its MDR, such that an MDR < 1 indicates focal adhesion abundance is enhanced by blebbistatin treatment, an MDR close to 1 indicates myosin-II-independent focal adhesion association, and an MDR > 1 indicates focal adhesion abundance is reduced by blebbistatin treatment.
Immunofluorescence microscopy. Fixation and immunostaining of coverslips with bound cells or isolated focal adhesions was performed as described in ref. 18 . For confocal microscopy, samples were mounted with Dako mounting medium and imaged with a ×40 1.0 NA or ×60 1.49 NA objective lens on a spinning disk confocal/TIRF (total internal reflection fluorescence) microscope system described in ref. 75 . Images were captured with a Coolsnap HQ2 CCD (Photometrics). Lamellipodial or focal adhesion area were determined by thresholding only lamellipodia or focal adhesion and recording the region areas. For TIRF 75 , cells were mounted with PBS containing N-propyl gallate. Images were obtained on the same microscope using a ×100 1.49 NA Plan objective (Nikon) with an ~100 nm evanescent field depth on a Cascade II:1024 EMCCD (Photometrics) 75 . The relative abundance of β-Pix, paxillin, vinculin, zyxin, talin, phospho-tyrosine and VASP in focal adhesion was determined as described previously 18 .
Time-lapse microscopy. To analyse the dynamics of β-Pix and paxillin or paxillin alone, cells co-expressing pEGFP-β-Pix/mApple-paxillin or pEGFPpaxillin were mounted on slides with double-stick tape or in a perfusion chamber (Warner Instruments) in phenol red-free culture medium with 25 mM Hepes (at pH 7.4) and 10 units per ml Oxyrase and imaged by TIRF as above 75 . Temperature was maintained at 37 °C with an airstream incubator (Nevtek) and focus was maintained using PerfectFocus (Nikon). Pairs of TIRF images of pEGFP-β-PIX and mApple-paxillin were captured at 10 s intervals using a 512B EMCCD (Photometrics).
To analyse pEGFP-β-Pix and mApple-paxillin intensity during focal adhesion turnover, single focal adhesions were hand-outlined in the paxillin channel over time, and regions transferred to the β-Pix channel. The background-subtracted, photobleach-corrected and normalized (to max) integrated intensity values for each area were plotted as a function of time. For analysis of cell migration, phasecontrast microscopy images were collected on an inverted microscope (TE-2000 E2, Nikon) with a ×10 0.25 NA PH objective lens and an 0.57 NA LWD condenser at 10 min intervals for 4 h with a Coolsnap HQ2 CCD. Cell nuclei were manually tracked in image series and velocity was calculated as the total length of the migration path divided by migration duration.
Polyacrylamide substrates. Fibronectin-coupled flexible polyacrylamide substrates were generated as previously described 76 .
